Introduction
Effective storage and release of hydrogen are very important for practical applications of hydrogen fuel-cell vehicle. [1] [2] [3] Ammonia borane (NH 3 BH 3 , AB) has received considerable attention as an outstanding candidate for chemical hydrogen storage due to its low thermolysis temperature, 4 high gravimetric storage density, high stability under normal fuel cell operating conditions, non-toxicity, [5] [6] [7] and recently realized regeneration from spent fuel. 8 Total hydrogen content of AB is 19.6 wt%, or 6.5 and 13.1 wt% for the first and second equivalent of hydrogen released, respectively, potentially securing to meet the ultimate targets of the DOE (7.5 system wt%).
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A high-performance dehydrogenation catalyst that can facilitate the fast yet efficient release of hydrogen at low temperatures is highly needed for the development of efficient on-board hydrogen storage materials based on AB. In this respect, several types of dehydrogenation catalysts have been developed, where H 2 evolution is mainly catalyzed by a wide range of homogeneous transition metal catalysts, such as rare transition metal catalysts (ruthenium, 10 rhodium, 11 and iridium 12 ) as well as more abundant metals such as group 4 organometallics, 13 nickel, 14 iron, 15 and group 6 metal carbonyls. 16 Group 10 transition metal complexes have been also exploited to achieve this target: only few results are represented by the Ni 0 -Enders'NHC (1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene) 19 However, in comparison with the rapidly growing number of catalysts, the amount of experimental studies that deal with mechanistic details is still limited.
With this in mind, we present a comprehensive experimental study about the mechanism of AB dehydrogenation with [Pd(MeCN) 4 ][BF 4 ] 2 (1) catalyst, which exhibited quite high activity (releasing more than 2 equiv of H 2 ) in our previous report. 19 In addition to imparting the efficient dehydrogenation ability of 1, we discovered that the dehydropolymerization forms mostly B-B bonds in a less regular process with preferential activation of B-H bond, but did not further investigate the structural elucidation of spent fuel for mechanism analysis in a recent preliminary communication. 19 We initially thought that the composition of the dehydropolymerized product could be similar to other reported AB spent fuels ([H 2 NB] n ). 10, 14 To our surprise, it is observed via solid state NMR analysis that there exists a sizable amount of carbon and oxygen in spent fuel besides B and N, indicating that C and O atoms are incorporated from the solvent used during AB dehydrogenation or external environment such as H 2 O (in air) after AB dehydrogenation-albeit, to a much lesser extent than solvent. For this reason, we sought other explanations. In an effort to follow a mechanistic pathway of dehydrogenation, the spent fuels, which are solid residues precipitated after AB dehydrogenation, were characterized in detail by the solid state magic-angle-spinning (MAS) NMR spectroscopy ( 2 H, 13 C, 15 N, and 11 B) and cross polarization (CP) magic angle spinning NMR. A subsequent digestion step of the spent fuel by methanolysis enabled their exact chemical species to be characterized by typical characterization tools such as single crystal X-ray and NMR analysis. On the basis of such analyses, it is rationalized that MeNO 2 is used as main source of carbon and oxygen in the spent fuel network, and its origin is clearly confirmed with a mechanistic study of deuterium tracing ( 2 H MAS NMR). In addition, to explore the generality of this mechanistic pathway, AB dehydrogenation by a nickel catalyst, [Ni(MeCN) 6 ][BF 4 ] 2 (2) was performed. Compared to the palladium catalyst, the nickel catalyst (2) was less active in AB dehydrogenation only releasing 1.8 equiv of H 2 at 80 °C over the extended periods (60 minutes). Both palladium (1) and nickel (2) catalysts are believed to participate in the reaction with the same dehydrogenation sequence to produce similar spent fuels, borates. Herein, the results of the mechanistic studies of those reactions are presented.
Experimental Section
Materials and Methods. All of the experiments were carried out under a nitrogen atmosphere using the Schlenk techniques or in a Vacuum Atmosphere HE-493 drybox. The solvents were dried over Na (tetraglyme), Na/benzophenone (THF), CaCl 2 (nitromethane), and CaH 2 (methanol) distilled under nitrogen and deoxygenated prior to use. The deuterated solvents were dried through trap to trap distillation from CD 3 NO 2 (CaCl 2 ), Na (C 6 D 6 ) and CaH 2 (CD 3 Cl, CD 3 OD) and deoxygenated using three freeze-pump-thaw cycles. A palladium sponge and nitrosonium tetrafluoroborate were purchased from Strem chemicals. Catalysts 1 and 2 were prepared as described in the literature.
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Analytical Methods. The solution NMR spectra were collected at room temperature using a Varian Mercury-300BB spectrometer unless otherwise stated. The 11 B NMR spectra were referenced to an external sample of BF 3 ·Et 2 O set to 0 ppm. For solid state MAS NMR spectroscopy, the samples were packed under an Ar gas atmosphere into a 4 mm ZrO 2 rotor that was sealed with a tight fitting Kel-F cap inside of a glovebox. The spectra were recorded using a Bruker DSX-500 spectrometer and a boron-free 4mm Bruker CPMAS probe. Sample spinning was performed using dry N 2 gas. The spectral frequencies were 500. 23, 160.5, 50.7, and 76.8 MHz for 1 H, 11 B, 15 N, and 2 H nuclei, respectively. One dimensional 11 B MAS spectra were recorded after a 0.5 µs pulse (<π/12) with application of strong 1 H decoupling pulse. 11 B multiple-quantum (MQ) MAS NMR spectra were acquired employing the standard Zfiltered scheme 21 and presented after the shearing transformation.
22
Spectral decomposition and fittings were performed using Quasar routine in the DMFIT 23 software. The IR spectra were recorded on a Nicolet Avatar 330 FT-IR spectrometer with a KBr pellet. The elemental analyses were performed using a CE Instruments/Thermo Quest Italia Flash EA 1112 Series. Inductively coupled plasmaatomic emission spectroscopy was performed using a Varian 710-ES Model. The spent fuel solid samples were analyzed using field-emission transmission electron microscopy (TEM, FEI TECNAI G2 200 kV and Jeol JEM 2100F), electron diffraction (ED), and energydispersive X-ray fluorescence spectroscopy (EDX). The X-ray diffraction (XRD) patterns were obtained using the 8C2 and 3C2 beam lines of the Pohang Light Source (PLS) with monochromatic radiation (λ = 1.54520 Å). X-ray photoelectron spectroscopy (XPS) was carried out using the 8A1 beam line of the Pohang Light Source (PLS) and a laboratory-based spectrometer (VG Scientifics ESCALAB 250) with a photon energy of 1486.6 eV (Al Kα).
The quadrupole mass spectroscopy (QMS) data were obtained using a SRS (Stanford Research Systems) RGA200 quadrupole mass spectrometer that was attached to a glass vacuum line system.
A Quattro Micro triple quadrupole instrument that was equipped with an electrospray ionization source (Waters Corporation, Milford, MA, USA) was used in the negative and positive ionization mode. The sample solution was directly infused at a flow rate of 100 µL/min using a syringe pump. The scanning mass range of the mass spectrometer was 5~2000 Da at a step size of 0.5 Da. The capillary voltage and the cone voltage were set at 3200 V and 15~25 V, respectively with nitrogen as the drying gas. The desolvation gas flow was 350 L/h and the cone gas flow was 70 L/h. The desolvation temperature was 350 °C and the source temperature was 100 °C.
General Procedure of the AB Dehydrogenation
Apparatus and procedure for the Pd(II) catalyzed dehydrogenation. The reactor consisted of modified 50 mL double jacket glassware. A three way connector was modified to purge the system with argon gas and allowed the hydrogen gas that was produced during the reaction to pass through the mass flow meter. This system enabled the catalyst to be injected into the reactor without exposing the reactants to air. The reaction temperature was monitored and controlled using a thermocouple and an external heater/cooler, respectively. The experimental procedure involved filling the reactor with 2 mL of the tetraglyme solution containing 1.46 mmol of AB. The reactor was subsequently flush with argon for at least 30 min in order to minimize the moisture level inside the vessel. After the thermal equilibration between the reactor and the cold trap, 3 mol% of catalyst 1 was dissolved in 0.5 mL nitromethane (MeNO 2 ) and injected into the AB solution. The reaction time was calculated from the time when the catalyst was introduced into the mixture. The progress of the reaction was monitored by examining the amount of hydrogen that was generated using a volumetric technique, which was used for the real time tracking of the reaction. MeNO 2 (bp 101 °C) or other volatiles including NH 3 in the product stream were anticipated because of the large exotherm under the experimental conditions even though the temperature was controlled at 25 °C. In the apparatus setup, a -90 °C cold bath (liquid N 2 with CH 2 Cl 2 ) trapped the volatiles to ensure that the volume that was measured through the mass flow meter was only due to hydrogen. After the dehydrogenation, the solid was collected through filtration, rinsed with Et 2 O and dried in vacuo. The possibility of a heterogeneous pathway was examined either by the supplemental addition of AB after dehydrogenation or mercury poisoning because of the fast hydrogen release kinetics for 1. Both experiments indicate the presence of homogeneous catalysis: these successive dehydrogenations with a second charge of AB are slowed due to consumption and partial decomposition (to Pd(0)) of 1 during this catalytic reaction. It has been a general notion that coordinating solvent must be avoided due to the electrophilic nature of the cationic catalyst center. For this reason, MeCN was not considered as an appropriate solvent in the first place. In our earlier report, MeNO 2 is used as a solvent for dissolving 1 because 1 with weakly coordinating acetonitrile ligands is only stable in non-coordinating high polar solvent and insoluble in most organic solvents except for MeCN. 19 Before AB dehydrogenation, we checked that 1 is stable and unreactive in MeNO 2 : neither 1 nor AB was reactive with MeNO 2 at room temperature. Only when these three reagents were brought together, notable dehydrogenation occurred. When 3 mol% of 1 in MeNO 2 solution was added to a stirred tetraglyme solution containing AB at 25 °C, a vigorous hydrogen evolution with a typical strong exotherm was observed, resulting in 2.0 equiv of H 2 release within 60 s. During AB dehydrogenation, insoluble by-products were coprecipitated with Pd particles from the MeNO 2 and tetraglyme solution. The insoluble spent fuel was subsequently characterized as the preliminary composition of B 1.00 C 1.09 N 0.95 H 4.50 Pd 0.024 through inductively coupled plasma (ICP)/elemental analysis (EA), and as B 1.00 C 1.40 N 0.65 O 1.89 Pd 0.05 by X-ray photoelectron spectroscopy (XPS) (see Table 1 and Fig. S1 ). From these analyses, we found that a significant amount of carbon and oxygen was incorporated into the BNH x matrix: an expected chemical composition in spent fuels that is comparable with those of original boron and nitrogen. Further structural characterization by the infrared (IR) spectrum revealed the preferential activation of B-H bonds. As shown in Fig. S2 , the characteristic B-H peaks at around 2300 cm −1 in AB have disappeared completely, indicating the preferential B-H activation mechanism. Fig. 1 and Table 2 present high resolution solid state 11 B MAS NMR, 2D multiple quantum (MQ) MAS NMR spectra of the spent fuels, and 11 B peaks from the decomposition of 1D MAS NMR spectra, respectively. 2D-11 B MQMAS NMR spectrum was obtained to sort out the inequivalent boron sites that are indistinguishable in the 1D MAS spectrum. Two groups of peaks were initially sorted out by this method. The broad peaks between 10 and 20 ppm originate from boron atoms in trigonal geometry of BO 3 unit while several sharp peaks in the 6 to −6 ppm range were due to boron atoms in tetrahedral coordination. These sp 3 are believed to be responsible for tetragonal BO 4 units. Based on the 2D MQMAS spectrum, the 1D spectrum was decomposed to 7 different sites as shown in Fig. 1 . The peaks are compiled in Table 2 . Note that additional resonance is seen at −10 ppm (see the 2D spectrum) but was ignored due to its negligible contribution. 1D
11 B MAS spectrum without 1 H decoupling allowed us to conclude that nearly all boron peaks except the peak at −6 ppm (and −10 ppm) are without direct B−H bonds. However, those peaks showed high efficiency (intensity) in 1 H− 11 B cross polarization MAS NMR (see Fig. 1 ), indicating that boron atoms are in close proximity to either NH or -CH organic species. The ratio of [B] trigonal vs [B] tetrahedral (B 3 :B 4 ) was calculated to be 2:3 from the spectral decomposition, which allows speculation about a possible structure. Lastly, the fairly sharp peak at −1.6 ppm is believed to be BF 4 -although its binding cation is not known. As shown in 3 , which are plotted together with experimental data (see Fig. 1 and S2) . In addition to the routine probing nuclei such as 1 H and 11 B, the chemical transformation of B-N bond of AB was further explored by 15 N NMR spectroscopy. The 15 N labelled AB 27 was used for this purpose and the same catalytic reaction was performed using the Pd catalyst and the spent fuel under the same condition that has been used in the un-labelled AB case (see above). The corresponding 15 N MAS and CPMAS NMR spectra of 15 N-sfAB sample are shown in Fig. 2 . Fig. 2 15 N MAS and CPMAS NMR spectra of sfAB that was generated using 15 N labelled AB ( 15 NH3-BH3). Note the vertical scale of 15 NH3−BH3 was adjusted by 1/100 for comparison purpose. The 15 N shift was externally referenced to neat CH3NO2. ratio of 1:3. While the signal by MAS alone is weak and a timeconsuming experiment to obtain spectrum with good signal to noise ratio due to long relaxation time and low nitrogen quantity, 1 H-15 N cross polarization (CP) method appears to improve the signal quality markedly and more detailed spectral analysis was possible. The CPMAS method made the small and broad resonances at -310 and -410 ppm, which were invisible in the MAS spectrum. Typically peaks in -250 and -330 ppm range represent nitrogen atoms that are trigonally coordinated while those in the -330 ~ -400 ppm range are attributed with N atoms in tetrahedrally coordination. 26 According to Gervais et al. and references cited, NB 3 sites appear between -250 ~ -300 ppm. As shown in Fig. 2 , besides the small peak near at -310 ppm, most of N containing species of sfAB can be associated with tetrahedrally coordinated N sites that are typically found in PAB (-NH 2 BH 2 -). 27 The corresponding 11 B signal, tetrahedrally coordinated B sites and especially those peaks at ~ -10 ppm, explains the remaining B-N moieties in the spent fuel. The -310 ppm peak might show the presence of B 2 NH trigonal sites in a hexagonal ring structure as shown here. Note, however, that among the 15 N signal, its contribution is negligibly small. It is not yet clear about a possible local structure of N sites that could represent the −410 ppm peak. Again, its contribution is negligible.
Catalytic dehydrogenation of AB in tetraglyme with 1 in MeNO 2 -d 3 and characterization of spent fuels.
In an effort to elucidate the incorporation of MeNO 2 into spent fuel framework, an experiment using deuterium tracing was performed via 2 H MAS NMR analysis with MeNO 2 -d 3 (CD 3 NO 2 ) employed as solvent to dissolve 1. As soon as 3 mol% of 1 dissolved in MeNO 2 -d 3 was added to a stirred tetraglyme solution containing AB at 25 °C, fast AB dehydrogenation was observed as expected, completing a 2.0 equiv H 2 release in 60 s. The dehydrogenated products were coprecipitated with Pd particles from the MeNO 2 -d 3 and tetraglyme solution.
Structural characterization of the precipitant is obtained by 2 H MAS NMR analysis. The majority of signal is due to -CD 3 moiety showing C 3 free rotational motion, indicated by the quadrupole coupling constant (Cq = 54 kHz) determined from a spectral fit of the experimental spectrum (see Fig. 3a) , and this could be bound to the boron compounds via reduced NO 2 group. It is observed that there exist three different deuterium species: besides the CD 3 -at 0.4 ppm (Cq = 54 kHz, dominating > 70%), there are CD-group (immobile, 5.7 ppm, Cq = 171.4 kHz, 17%) and solvent like mobile CD 3 NO 2 phase (4.8 ppm, Cq = 10 kHz, 12%, see Fig. 3b ). In high resolution solid state 11 B MAS NMR analysis, we found that peaks of the MeNO 2 -d 3 mediated AB spent fuel are similar to those of non-deuterated solvent system, which is described in earlier discussion part ( Fig. 1 and Table 2 ), showing identical kinetics of deuterated and non-deuterated MeNO 2 solvent system. 11 B peaks from decomposition of 1D and 2D MAS NMR spectra is summarized in Table 3 . As shown in Fig. 4, 1D 11 B MAS NMR spectra clearly shows the simplest and clean line shape of the BO 3 units at around 18 ppm. The Qcc and eta parameters are classified into two different kinds of families. Several sharp peaks in the 4 ~ −2 ppm range are for borons in tetrahedral coordination, which are believed to be responsible for tetragonal BO 4 units. The broad peak at −8 ~ −16 ppm is assigned as a possible location for BH 2 units, implying the incomplete dehydrogenation.
The reactivity of AB with MeNO 2 and characterization of spent fuels.
For the insight of the cross reactivity between AB and MeNO 2 , AB dehydrogenation by MeNO 2 is performed without Pd catalyst 1 and tetraglyme solvent. We observed trace amount of released gas over the extended periods (10 h at 25 °C). We tested the MeNO 2 -mediated performance, plotting the amount of H 2 released with different reaction temperature (25, 60, 80 , and 100 °C). Up to 60 °C, no discernible H 2 production was noted, but observed in 80 °C to 100 °C temperature is the detectable dehydrogenation with white precipitations, which are insoluble in most aprotic solvents. The precipitates (S1) produced from AB dehydrogenation without 1 and tetraglyme is also characterized by 1 H and 11 B MAS NMR analysis. For the exact comparison, it is compared with NMR spectra of both the AB spent fuels ([CNH x ]BO y ), which are generated with 1 and tetraglyme in CH 3 NO 2 solvent, and precipitates (S2) generated with 1 in CD 3 NO 2 solvent (see Fig. 5 ). Overall the outcome of both 1 H and 11 B MAS NMR spectra for S1 is noticeably different from those of BNHx. However, the difference is mainly due to the degree of reaction progressed in S1, which was supposedly lower due to the lack of the catalyst 1. The S2 shows simply only one BO 3 peak at 18.4 ppm. The S1 shows the same BO 3 peak with very small addition of the secondary BO 3 peak at 21.6 ppm (see Table 4 ). Interestingly, the S1 contains numerous BO 4 covering wide range from -4 ppm to 6 ppm, seemingly the BO 4 peaks seen for both [CNH x ]BO y and S2 (see Fig. 5 ). The BH 2 -units at -10 ppm 28 are seen for both S1 and S2 in relatively high concentration, showing the incomplete dehydrogenation. These results strongly support the involvement of CH 3 NO 2 in AB spent fuels. (2) under the same stated conditions. However, Ni catalyst 2 was inactive under mild conditions, only producing 0.2 and 1.0 equiv of H 2 (in 2 h) at 25 and 60 °C, respectively. At a slightly increased temperature, 80 °C, 1.8 equiv of H 2 is released during 60 min. (see Fig. 6 ). Similar to the typical method mentioned above, 3 mol% of 2, which is dissolved in 0.5 mL of MeNO 2 , was added to 2 mL of a stirred tetraglyme solution containing 0.045 g (1.46 mmol) of AB at different temperatures. The dehydrogenation product is coprecipitated with Ni particles completely from tetraglyme and MeNO 2 , which were later found to be insoluble in most aprotic solvents. Except for the dehydrogenation performance, the signs of a reaction including production of precipitation are similar to the case of Pd catalyst 1. 11 B MAS NMR spectra of spent fuel produced by 2 in MeNO 2 reveals very similar features to that from 1 as described in Table 5 and Fig. 7 . Two groups of peaks were initially sorted out by this method. The broad peaks between 10 and 20 ppm are apparently assigned as boron atoms in trigonal geometry of BO 3 units, while several sharp peaks ranging from 6 to −6 ppm can be assigned as boron atoms in a tetrahedral coordination. These sp 3 are believed to be responsible for tetragonal BO 4 units. Similar to those found in S1 and S2 case, the broad peaks at −10 ~ −15 ppm are assigned as a possible location for BH 2 , which means the incomplete dehydrogenation derived from the relatively low catalytic ability of Ni catalyst 2. Based on the 2D spectrum, the 1D spectrum was decomposed to 8 different sites as shown in Table 5 . The ratio of [B] trigonal : [B] tetrahedral (sp 2 :sp 3 ) was calculated to be 2:3 from the spectral decomposition. Consequently, this spectral similarity in solid NMR spectra (of spent fuels by 1 and 2) elucidates a mechanism for the MeNO 2 -mediated AB dehydrogenation. In an effort to analyze the exact chemical species of the spent fuel remaining after AB dehydrogenation, the spent fuel was digested by adding methanol. Digestion of spent fuel is proceeded with addition of methanol. Generally Pd nanoparticles have been well known as an effective catalyst for the dehydrogenative methanolysis of AB, 29 and thus the spent fuel (MeNH x BO y /PdNPs) is used for the impromptu digestion without doing any treatment except subsequent addition of methanol. All by-products (including releasing gas) generated after the digestion step were fully characterized by NMR, quadrupole mass spectroscopy (QMS), and single crystal X-ray analysis. The 11 B NMR chemical shift of 18.1 ppm indicates the formation of B(OMe) 3 from the digestion (see Fig. S4 in Supporting Information). The spent fuel containing the Pd nanoparticles, MeNH x BO y /PdNPs (1.07 g, 40 mmol) was placed in a two-neck round-bottom flask that was fitted with a septum inlet and a reflux condenser with a connecting tube. The connecting tube is attached to the mass flow meter via a gas bubbler containing 100 mL of water in order to trap the ammonia gas. Gas evolution was detected when methanol (12 mL, 296 mmol) was added to the spent fuel under an argon atmosphere. The released gas was transferred to a QMS that was directly connected to the vacuum line in order to identify the gaseous by-product. Fig. 8 clearly shows the gas that was released after the addition of methanol solvent is mostly hydrogen. When the hydrogen evolution ceased (64 mL, 2.05 mmol), the aqueous solution of ammonia from the trap was titrated against standard 0.1 N aq HCl. Only a trace amount of NH 3 was estimated to be 0.0017 g (0.1 mmol). At the end of the reaction, the black solids (0.06 g, 0.563 mmol) were collected through filtration. The presence of PdNPs was confirmed by the XRD analysis in Fig. 9a . Methanol and B(OMe) 3 were recovered from distillation of the filtrate at 69 °C. The 11 B NMR spectrum of filtrate clearly shows the exclusive formation of B(OMe) 3 . Subsequent isolation of B(OMe) 3 (1.3 g, 12. 51 mmol) from the residue was performed through the trap to trap fractionation under high vacuum (10 -8 torr) at -30 °C. To analyze the exact composition of the final by-products remaining after isolation of B(OMe) 3 , the non-volatile and viscous residue was recrystallized from methanol solution. From X-ray structural study of the obtained crystal sample, we realized the exact chemical structure of residue is N, N'-dihydroxy-N,N'-dimethylmethanediamine ([Me(OH) N] 2 CH 2 ) (0.663 g, 6.255 mmol) and they exist as a single product (see Fig. 9b ). Consequently, through this digestion experiment of dehydrogenated products and their further characterization, it is reconfirmed that the AB dehydrogenation by 1 is performed through a MeNO 2 solventmediated mechanism and the involvement of the polar solvent in this catalytic reaction is a key step for AB dehydrogenation. 
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Conclusion
In summary, we have demonstrated that the mechanistic study of AB dehydrogenation by a highly electrophilic cationic Pd II complex (1) with structural elucidation of spent fuels. To understand the exact mechanistic pathway, the chemical structure of the spent fuels was fully characterized by solid state magic-angle-spinning (MAS) NMR spectra ( 2 H, 13 C, 15 N, and 11 B) and cross polarization magic angle spinning (CPMAS). From a series of NMR analyses with a deuterium tracing study (CD 3 NO 2 ), we reasoned that the carbon and oxygen species of MeNO 2 , which is used as solvent to dissolve 1, are significantly involved in formation of spent fuel, MeNH x BO y . Two B(OMe) 3 and [Me(OH)N] 2 CH 2 species, which is produced by methanolysis (digestion step) of MeNH x BO y , are clearly characterized by X-ray crystallography and NMR analysis, providing a direct evidence of carbon and oxygen incorporation in spent fuels. In addition, such a mechanism is further generalized by a nickel catalyst, [Ni(MeCN) 6 ][BF 4 ] 2 (2) . This work offers the significance and criteria of non-coordinating polar solvent in the design and development of catalytic AB dehydrogenation systems. Efforts toward mechanistic investigations as well as performance optimization of AB catalytic system utilizing different types of polar solvent are currently underway.
